A supply chain connects product suppliers, manufacturers, as well as customers with the goal of managerial efficiency. Meanwhile, product design emphasizes the engineering efficiency of a product. Both supply chain management and product design have been drawing attention from numerous researchers. However, there has been only limited research on the integration of product design and supply chain. Despite this fact, there is significant potential for synergy in the integration of engineering and supply chain management, as well as managerial concepts into product design. In the paper, we present a methodology to form this synergistic connection. The methodology presented first generates functional requirements of a product. A design repository is then utilized to synthesize potential components of all sub-functions, providing multiple options for the potential conceptual designs. These concepts are screened by using a Design for Assembly (DfA) index and then a Design for Supply Chain (DfSC) index to select the best concept. An example from the bicycle industry is presented to demonstrate the benefit of supply chain considerations at the conceptual design phase.
INTRODUCTION
Product development is an innovative process that transforms and realizes the potential market opportunities into a product according to product and process technologies [1] . The product design process is an iterative and complex process, which includes defining, conceptualizing, refining and eventually commercializing a product into a new or existing market.
Product size, shape, functions, processes, components and materials need to be decided during a short period of time. Product development decisions are organized into four categories: concept development, supply chain design, product design, and production ramp-up and launch [1, p.4] .
The supply chain council defines a supply chain as "every effort involved in producing and delivering a final product or service, from the supplier's supplier to the customer's customer" [2] . A framework of supply chain consists of the supply chain network structure, the supply chain business processes, and the supply chain management components. In supply chain network structure, the focal company is the center of the supply chain along with multi-tier suppliers to its left and multi-tier customers on the other side [3] .
Around 70% of product cost is decided during the design stage [4] . In addition, new products account for a staggering 33% of company sales [5] , which have a high association with the profitability and growth of a company. New products here refer to products that are introduced to the market within five years. Besides the high profitability, the new product development is also well-known to have high risk. New Product Failure Rate (NPFR), which is a statistical datum that computes the success percentage of a new product, shows that only 40% of new products survived in 2004 [6] . Although one of the key reasons is the coordination between product and supply chain [3, 5, [7] [8] , only a few methods concurrently consider product design and its supply chain. 
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In this paper, Section 1 introduces product design and supply chain concepts; Section 2 summarizes the prior literature on product architecture, supply chain decisions and the importance of coordination between the two. Section 3 proposes a method that can consider engineering and managerial perspectives simultaneously during product design stage. In Section 4, we present an example to illustrate the proposed methodology. Finally, conclusions are provided in Section 5.
LITERATURE REVIEW
The definition of product architecture and two major product architecture types, namely, integral product architecture and modular product architecture are introduced below. The engagement of product design and supply chain is then discussed. In addition, Design for X perspectives along with indices, which are applied in the case study, are presented to provide the foundation for the proposed method.
Product Architecture
Two main typologies of product architecture are modular product and integral product [9] . Integral product architecture views the product as a whole. It aims for achieving full optimization of a new product without risking the over or under design of product modules to conform to a range of different products [9] . Integral product architecture may provide better product differentiation, as product components are designed to be specific to a particular product. One of the integrated design methodologies is Design for Manufacturing and Assembly (DfMA) [10] , which emphasizes reducing the quantity of components and creating multifunctional parts. However, the modification of one component usually impacts other related components, which results in a significant redesign effort. In addition, potentially long design time is not competitive against modular methods in current diverse market segments.
On the contrary, modular products decompose the overall functionality of a product into sub-functions, embodied in separate product modules. These modules are designed to be independent, standardized and interchangeable. There are two main types of components in modular designs, namely, common and variant components. Common components serve as static and shared portions of the product architecture and enable reusability, hence save design efforts. On the other hand, a variant component fulfills diverse and dynamic customer requirements within a given specific service level [7, 8] . Product variety can be realized by substitution of module variants, which improves economies of scale in production. In addition, quality problems can be contained at the modular level, which eases maintenance and repair.
Another advantage of modularity is that it enables concurrent design activities since it decouples product into module development tasks to shorten product development time. In addition to component modularity, the standardization of the interface is necessary [11] . Modular product architecture has become the mainstream in product design due to the advantages in development time, cost and economy of scale [9, 11, 13, 18] . As per the reasons presented above, this study applied modular architecture in product design.
The engagement between Product Structure and Supply Chain
Many researchers found that the improvement of supply chain performance cannot be optimized without considering the compatibility of product and supply chain attributes. Product dimensions can be qualitatively divided as "functional" and "innovative". A functional product has stable demand, low profit margin and many competitors, such as staple items. Conversely, an innovative product refers to a newly introduced and differentiable product with versatile demand. Likewise, supply chains can be classified as "efficient" and "responsive" supply chains [7] . Efficient supply chains emphasize making and delivering a product with low cost, while responsive supply chains aim for delivering a variety of products quickly to achieve high level of customer service. The right coordination between supply chain type and product type, for example, functional product and efficient supply chain, can assure a high possibility of success ( Figure 1 ).
Figure 1. Product and Supply Chain Relation
A framework for supply chain decision making was presented for considering the product design and supply chain design [4] . Breakthrough is the most challenging situation to achieve, when both the product and supply chain are newly developed. If a supply chain is new for an existing product, the supply chain should do re-engineering to fit the product attributes. On the other hand, a new product design should consider Design for Logistics (DfL) to fit within an existing supply chain. For both an existing supply chain and product, continuous improvement is the choice with minimum effort. The framework is illustrated in Table 1 . The scope of DfL was broadened to Design for Supply Chain Management (DfSCM) [14] with the aim of designing products and processes to more effectively manage supply chain-related cost and performance. DfSCM utilizes product line structure, bill of materials and customization processes of a product in order to optimize the logistics costs and customer service performance.
Table 1. Framework for Supply Chain Decision Making
Given this summary, we conclude that the product design is highly related to its supply chain structure. We assert that improvement of supply chain performance can be possible through simultaneous consideration of product structure and supply chain attributes. However, only limited studies addressed this issue. In this paper, we present a methodology, which utilizes a design repository and graph theory, to simultaneously optimize design and supply chain management decisions.
Design for Assembly and Design for Supply Chain
Over the years, numerous "Design for X" (DfX) concepts/methods have been developed in order to increase the efficiency at the design stage, and reduce the total cost and lead time of the product. Design for manufacture, assembly, quality, maintenance, environment, obsolescence and recyclability, etc. are among these [15] . This research focuses on Design for Assembly (DfA) and Design for Supply Chain (DfSC).
The purpose of DfA is to consider the assembly problems in the early phases of product design, which can increase the productivity significantly without any investment. In this study, 13 criteria [16, 17] are collected and evaluated from perspectives of assembly, component, and process properties. These include: 1) weight, 2) number of unique components, 3) stiffness, 4) length, 5) presence of the base component, 6) vulnerability hardness, 7) shape, 8) size, 9) composing movement, 10) composition direction, 11) symmetry, 12) alignment, and 13) joining method. The formula for calculating the DfA index is as follows [17] :
Here, P i : point value for each criterion, i = 1,…,13 V min,i : minimum value for each criterion V max,i : maximum value for each criterion The calculated DfA index can have a value from 0 to 10, with zero being the most favorable value for ease of assembly and 10 being the worst.
Once the overall component combinations are generated, the total DfA index is calculated for each design by summing the DfA indexes of each component present in that design. The design offering the least total DfA index is ranked one, and similarly, the other combinations are ranked in ascending order.
Supplier Selection: Methods and Criteria
Nowadays, most supply chain systems are decentralized, which implies that enterprises seldom internally produce all components of a product due to company size and various other considerations. "Make and buy" decisions need to be made when considering the supply chain efficiency [18] . The advantages of outsourcing are described as: competition among suppliers, external economics of scale, responsiveness to variability in demand, immediate access to capabilities, and minimization of financial investment [18] .
In order to gain an understanding of the state-of-the-art, 49 papers were evaluated focusing on supplier selection [21] . Overall, the studied methods are categorized as appraisal methods and mathematical methods. Appraisal methods compare suppliers using criteria ranking or cost to evaluate their performance while mathematical methods involve tradeoffs among selection criteria by linear weighting, optimization, statistical or neural network techniques. Appraisal methods and mathematical methods can be combined resulting in hybrid methods.
Supplier selection criteria include product market position, product development strategies and six types of modularity. Quality, cost, technology, production capacities, R&D, delivery and location, performance and service are used as selection criteria [18] . Another supplier selection model [7] includes strategic, operational, tangible and intangible measures and considers the short term and long term planning horizon. Suppliers are evaluated based on organizational factors as well as strategic performance matrices. Organizational factors cover culture, technology and relationship, and strategic performance metrics contain cost, quality, time and flexibility. In addition, a managerial viewpoint supplier selection study addressed cost, resource utilization, quality, flexibility, visibility, trust, and innovativeness among these metrics [16] . Cost includes manufacturing, distribution, inventory and overhead components. Resources cover labor, machine, capacity, and energy utilization. Quality might involve customer dissatisfaction, response time, on-time delivery, fill rate, stockout probability and accuracy. Flexibility is the ability of a company to respond to diversity or change. There are four types of flexibility: input, process, output and improvement. Visibility measures degree of information sharing in the supply chain. It relates to time and accuracy. Trust is an index representing the reliability and consistency between supplier and focal company. Finally, innovativeness reflects the technological and engineering capability of suppliers such as new launch of products and new use of technology.
However, no studies point to the supplier selection criteria from a product architecture viewpoint. There is a need to integrate supply chain decisions at product design phase so that the optimal component acquisition and possible alternatives can be evaluated and determined. The supply chain consideration aims to achieve a win-win situation at the supply chain level, which can benefit all practitioners in the supply chain in terms of performance.
In this research, five indices are used: 1) Number of suppliers, 2) Quality level, 3) Time, 4) Cost, and 5) Supplier capability [19] [20] [21] [22] . The supplier that can produce more than one component has a higher priority because it might be able to sub-assemble components and thus save overhead and inventory costs. In other words, the module supplier in the product architecture has a higher priority than the component supplier. It is still beneficial if a supplier can provide more than one component in different modules, due to economies of scale.
Quality involves historical records such as on-time delivery, fill rate, stock-out probability and accuracy, and after service. Time is an important factor because it impacts the response speed of the supply chain. In addition, time is highly related to the logistics. For example, the design with less total cycle time will result in lower inventory levels and improved responsiveness. Cost is a universal indicator that the design with lower total cost absolutely has higher priority. Cost includes manufacturing, distribution, inventory and overhead cost. Resources cover labor, machine, capacity, and energy utilization. Finally, supplier capability contains technical, strategic, and organizational capability of suppliers. Different from the criteria above, this index puts more emphasis on long term cooperation and the network between suppliers and the focal company.
Supply chain index = ∑W i Q i
(2) Here, Q i : point value for each criterion, i = 1,…,5 W i : weight of each criterion
PROPOSED METHODOLOGY
In the proposed methodology, first of all, functional requirements of a product are defined and decomposed in the most basic sub-functions. Secondly, a repository is utilized to synthesize potential components of all sub-functions, providing multiple options for the conceptual design. These concepts are evaluated by the Design for Assembly (DfA) index, modularized with the Decomposition Approach. Finally, these concepts are evaluated using the Design for Supply Chain index to select the best concept. Figure 2 presents the flow of proposed methodology.
Figure 2. The Flow of Proposed Method
In this study, a software framework has been developed using Java Swing within the NetBeans IDE 6.1 programming environment. MySQL database is used for storing all the various database tables within the design repository, and Java Database Connectivity (JDBC) is used to open MySQL tables within the Java environment [23] .
Functional Requirements
An Energy-Material-Signal (EMS) functional model was used to present the functions of the whole product. This model is obtained by decomposing the overall function into simpler subfunctions and flows, which are generally described in a verbobject form. These sub-functions and flows are obtained from a standard set of vocabulary referred to as functional basis. Every sub-function has a small boundary. The function to be performed is mentioned inside the boundary of the box, while input energies, materials and signals flows are identified to the left of the box. The output energy, material and signal flows are indicated to the right of the box, which identify the remainder flows obtained after the overall function has been executed.
Design Repository
The purpose of the design repository is to record and reuse the best design practices at a later stage. It can be used to store and retrieve design knowledge. A design repository is defined as a heterogeneous product design database in which various design solutions can be searched and reused [24] . Design repositories are being employed extensively in research involving the development of Computer Aided Design (CAD) tools [24] .
DFA Index, Decomposition Approach and Supply Chain Index
Thirteen different criteria pertaining to the design components [16] [17] are collected and evaluated. Afterwards, Decomposition Approach (DA) [25] , which is a matrix based methodology, is applied to modularize the design concepts. There are two matrices utilized in this method: an interaction matrix and a suitability matrix. An interaction matrix represents the interactions between the components, while the suitability matrix represents the suitability for inclusion in a module. The interaction matrix can be generated by analyzing the functional rules. The last step is to evaluate the design concepts with supply chain criteria, with which supply chain decisions can be accomplished at the design stage.
CASE STUDY
The bicycle was first introduced in the eighteenth century with the purpose of transportation. Based on the functions and usages, bicycles can be divided into five different types: the road bike, the mountain bike, the city and path bike, the children's bike, and Bicycle Motocross (BMX), as shown in Table 2 [26] . In this case study, the city and path bike is chosen as the focus.
Bicycle Product Structure and Supply Chain Structure
The architecture of a bike and its supply chain structure can be simplified as shown in Figure 3 . The components of the first level are structure, braking system, transmission system, and wheel system. Structure is composed of three sub-structures: fork, frame and saddle. The braking system, as in its name, is responsible for decelerating the bike speed. Another important sub-system is transmission, which serves as one of the key functions that translates human power to rotation energy in the cycling process. Wheel system enables the bike to move by creating friction with the ground. These four sub-systems are modular designs which are mutually independent but cooperate as a whole product. Two other sub-systems are the electric motor with battery set and accessories, which are optional equipment for saving physical effort and environment considerations. The EMS model considers a total of seven components and functions (The motor is excluded).
The supply chain structure of a bike can be described in four layers. The uppermost layer in Figure 3 is Tier 2 suppliers, which provide raw materials. The second layer is suppliers who produce components of the bike. The third layer comprises the focal company, which focuses on assembly processes and the manufacturing of key components. Finally, the last layer is distributors who set up the market channels and provide services to customers. There are three major distributors in the bicycle supply chain. Mass market distributors include Walmart and Target, which emphasize mass market segments with unit prices lower than $250 [27] . On the other hand, independent bike distributors and sports stores sell specialized bikes in niche market areas. 
EMS Model and Component Mapping
As provided in Figure 4 , the EMS model of the bike starts with the human body climbing on the saddle. This action contains "import" and "assemble." The saddle provides "position" and "support" functions. The frame "stabilizes" the human body and the fork will "orient" the direction based on the visual signal. The transmission system will "convert" human energy into rotational energy and then the rotational energy "converts" into mechanical energy on the wheel to move forward. On the other hand, the braking system is "actuated" by visual signal and "converts" human energy to mechanical energy to slow down the bike. The mapping of components and functions are shown in Figure 5 . 
Design Repository and Modularization
These functional rules in the EMS model are input separately in the design repository [22] as shown in Figure 6 . In Figure 7 , each component is associated with a functional rule and evaluated using the DfA index. After inputting all functional rules and components, design concepts can be generated in the design repository. The user needs to input the EMS model of a complete product as in Figure 5 . All possible design concepts will be generated automatically. In this case, there are two choices for each function and six functions generate 2 6 = 64 combinations (Provided in Figure 8 ).
After computing DfA value for all concepts (Figure 8) , two design concepts, #13 and #54, are seen to have the best DfA scores and are selected and modularized using DA. Concept #13 has the comfortable saddle, steel frame without suspension, steel fork without suspension, single speed transmission, reverse brake rotor, and wheels with steel spokes. In the meantime, concept #54 has a light weight saddle, steel frame with suspension, steel fork with suspension, transmission with six fly wheels, braking system with brake shoes, and wheels with plastic spokes. As shown in the figures, concept #13 has two modules according to the suitability matrix (Figure 9 ), while concept #54 has three modules ( Figure 10 ). 
Supply chain index
As shown in Table 3 , Concept #13 is chosen because it has only four suppliers and it has cost advantages. The weights of all indices are assumed equal for this example. The decision maker can adjust the weights based on the product characteristics and preference. The way to aggregate the total score can be modified according to preferences as well. In addition, other indexes can be incorporated to reflect the priorities of the focal company.
CONCLUSIONS and FUTURE WORK
In this paper, the supply chain design is considered at the conceptual design phase. The functional requirements of a product are collected and an EMS model is created to demonstrate the whole picture of a product. A graphical design repository is then used to generate possible design concepts and these concepts are evaluated using the DfA index and then are modularized. Two of the most competitive concepts are selected for further evaluation along with a newly introduced supply chain index. The final design is selected using an additive aggregation of multiple attributes that make up the supply chain index.
This research currently only considers a city and path bike product. With the support of a design repository and modular components, a family of products can be evaluated to cover all market segments. Another research direction is the modification of the supply chain index. It will be beneficial to management if the index can provide scenario analysis for the supply chain strategy development. Finally, capacity allocation of a component for more than one supplier might make the supply chain considerations more practical and insightful for real world situations. Our future work will take into account these additional considerations. 
